It is well established that the visual system is sensitive to the global structure--or ''form''--of objects defined exclusively by spatial or motion cues, but it remains unclear how form perception combines spatial and motion cues if these are presented concurrently. In the present study, we introduce a novel class of stimuli where spatial-form and motion-form can be superimposed and manipulated independently. In both the spatial and motion domains, global structure consisted of radial-frequency (RF) contours defined by a virtual circle of Gabor elements whose positions and/or drift speeds were sinusoidally modulated at a specified frequency of polar angle. The first two experiments revealed that observers encode the global structure of spatial-RF and motion-RF contours presented in isolation. In a third experiment, observers detected a spatial-RF modulation superimposed on a motion-RF pedestal of identical radial frequency: results showed little facilitation at low pedestal amplitudes but significant masking at higher pedestal amplitudes, especially if the RF modulations of test and pedestal were in anti-phase. Additional experiments demonstrated that masking of the spatial-RF test is abolished if the global structure of the motion-RF pedestal is altered or destroyed while local motion cues are preserved. We argue these results cannot be explained by local neural interactions between spatial and motion cues and propose instead that data reflect higher-level interactions between separate visual pathways encoding spatial-form and motionform.
Introduction
Human vision has evolved to recover key information from the environment. Because ecologically meaningful information resides at the level of objects and their interrelationships in the natural world, there is a survival premium on encoding their global structure--or ''form''. However, the initial stages of human vision are mediated by local mechanisms akin to filters that integrate information over restricted portions of the visual field (DeAngelis, Freeman, & Ohzawa, 1994; Hubel & Wiesel, 1968) . These filters are selective for image features such as spatial scale (Campbell & Robson, 1968; De Valois & Tootell, 1983) , orientation (Blakemore & Campbell, 1969; Hubel & Wiesel, 1968) , temporal scale (Fredericksen & Hess, 1997; Lehky, 1985; Mandler & Makous, 1984; Pinter & Harris, 1981) and motion (Anderson & Burr, 1987; Hubel & Wiesel, 1968) , but their limited spatial extent essentially makes these filters blind to the global arrangement of local image features. How later visual stages combine local information into a representation of global structure remains one of the fundamental problems currently tackled by vision science.
Psychophysical evidence demonstrates that human observers can pool information from local mechanisms to extract form information defined either by spatial cues or motion cues alone. An instance of spatial-form perception is the detection of a string of collinear texture elements embedded in a sea of randomly oriented elements (Field, Hayes, & Hess, 1993) as this analysis is mediated by linking the outputs from local mechanisms (Hess & Dakin, 1997) . Similarly, observers can recover instances of motion-form (often refered to as ''structurefrom-motion'') such as rotation, expansion, or biological motion which can only be detected via a non-local analysis (Bex & Dakin, 2002; Loffler & Wilson, 2001; Lorenceau, 1996; Lorenceau & Shiffrar, 1992; Mingolla, Todd, & Norman, 1992; Morrone, Burr, & Vaina, 1995; Verghese & Stone, 1995) . However, while the visual pathways sensitive to spatial-form and motion-form have been studied extensively (Goodale & Milner, 1992; Merigan & Maunsell, 1993; Wilson, 1999; Wilson, Ferrera, & Yo, 1992) , the nature of crosspathway interactions remains less understood.
Accumulating evidence suggests that spatial cues influence the perception of motion-defined form (Alais, van der Smagt, van den Berg, & van de Grind, 1998; Croner & Albright, 1997; Geisler, 1999; Li & Kingdom, 1999 Ross, Badcock, & Hayes, 2000) . In particular, the perception of motion-form is reportedly inhibited--or ''vetoed''--if spatial cues are inconsistent with collinear (Lorenceau & Zago, 1999) or closedcontour arrangements (Lorenceau & Alais, 2001) . However, only a handful of studies have investigated the opposite condition, namely the influence of motion cues on the perception of form defined by spatial cues (i.e. spatial-form). This small number of studies presumably reflects the fact that it is difficult to construct stimuli where spatial-form is preserved in displays where local spatial and motion cues are superimposed.
In one study that tested the effect of motion cues on spatial-form perception, observers detected a path of drifting collinear Gabor elements embedded in a sea of drifting distractor elements with random orientations (Hayes, 2000) . In the key condition, the spatial position of each Gabor element composing the path was physically offset in one of two randomly-chosen directions perpendicular to the path's backbone. Although such random positional offsets impair path detection in static displays, path detection improved if Gabor elements drifted towards the path's backbone, as if the motion of each element counteracted its spatial offset; by comparison, path detection deteriorated further if Gabors drifted in a direction away from the path's backbone. The author interpreted these findings as evidence that local motion cues can masquerade as spatial cues in contour integration and that mechanisms mediating contour detection encode the perceived rather than the physical position of local features.
In a study that revisited path detection with drifting Gabors (Bex, Simmers, & Dakin, 2001) , observers were shown stimuli in which path elements drifted in the same direction relative to the path's backbone but where the drift speed of each element from the display (whether a member of the path or of the distracter set) was randomly selected from a range of speeds covering several octaves. Results revealed that paths composed of a heterogeneous ensemble of drift speeds were detected as easily as paths composed of homogeneous speeds and that path detection with drifting Gabors is easier than in purely static displays. The authors concluded that mechanisms encoding spatial contour information receive an input from the motion system but are broadly tuned for temporal frequency.
The studies reviewed in the previous two paragraphs were essentially concerned with how spatial-form perception is affected by local motion rather than by motionform: indeed, both types of stimuli generally lacked motion-form because, in most conditions, either the direction or the speed of the drift was independently and randomly determined for each Gabor. In the present paper, we ask the question: How does motion-form influence the perception of spatial-form? Answering this question requires stimuli where motion-form and spatial-form can coexist without physically interferring with each other. The stimuli used in the experiments reported here meet those constraints and consist of radial-frequency (RF) contours defined either in the spatial domain, the motion domain, or both. Results showed that observers encode the global structure of spatial-form and motion-form when each is presented in isolation, but that motion-form pedestals can selectively mask spatial-form perception when both form types are presented concurrently. Additional experiments revealed that motion-form, not local motion cues per se, interferes with spatial-form perception and point to higherlevel interaction between separate mechanisms encoding spatial-form and motion-form.
Method

Observers
The first author (SR) and five naive observers (AC, CH, DG, DR, and MK) participated in the study. All observers had normal or corrected-to-normal vision.
Hardware and calibration
Experiments were carried out on an iMac hosting a standard 8-bit/gun color video card driving a built-in 15-in. CRT monitor with a linearized grayscale look-up table with 151 entries. Spatial resolution was set to 640 · 480 pixels and the display was run at a refresh rate of 120 Hz although each stimulus frame was presented for two refreshes, or an effective frame rate of approximately 60 Hz. After calibration, the display had a mean luminance of 46.0 cd/m 2 . Stimuli were generated in the Matlab 5.2.1 environment and displayed using software from the Psychophysics Toolbox (Brainard, 1997 ) calling lower-level routines from the VideoToolbox (Pelli, 1997) . Fig. 1 illustrates stimuli composed of 36 Gabor elements forming radial-frequency (RF) contours. The geometry of an RF contour is best described in polar coordinates (illustrated in panel A) as a closed contour whose radius varies sinusoidally as a function of polar angle a. The term radial frequency corresponds to the number of sinusoidal cycles for one full rotation around the clock face (360°), and this value is necessarily an integer to prevent wrap-around discontinuities. The general equation for an RF contour R is
Stimuli
where R mean is the radius of the circle, A is the amplitude of the sinusoidal modulation, x is radial frequency, and b determines the phase of the modulation--or, equivalently, the orientation of the RF modulation in the xy plane. The RF's modulation amplitude A is constrained not to exceed 1.0. Panels B and C of Fig. 1 show spatial RF contours with modulation amplitudes of 0.0 and 0.15. For spatially bandpass RF contours, human thresholds for discriminating between a perfect circle and a radially modulated version fall in the hyperacuity range and correspond to modulation amplitudes in the order of 0.4% of the pattern's mean radius (Wilkinson, Wilson, & Habak, 1998) . These amplitude thresholds are considerably lower than those for the probabilistic pooling of local curvature estimates and strongly suggest that radial frequency detection involves mechanisms sensitive to global spatial structure which extract object information by actively integrating across local stimulus features (Loffler, Wilson, & Wilkinson, 2003; Wilkinson et al., 1998) .
The obvious counterpart to a spatial-RF contour in the motion domain is a motion-RF contour in which the speed assigned to local elements is a sinusoidal function of polar angle. As with spatial-RFs, motion-RFs have a radial frequency, a modulation amplitude that defines the speed of each element, and a modulation phase that specifies how the motion-RF is oriented in the xy plane. Note that, throughout the present paper, motion-RFs do not contain the ''dc'' radius component that is necessary to define the absolute size of the contours in space. Examples of motion-RFs with radial frequencies of 2, 3, and 4 cycles are shown in panels D through F of Fig. 1 . Fig. 1 also shows several examples of stimuli where a spatial-RF4 contour is superimposed on various motion pedestals (panels G through L). In some of these examples, the speed of individual elements is consistent with global motion-defined form; for instance, in panels G and H, a motion-RF4 is either in-phase or in antiphase with respect to the spatial-RF4 test. The specific properties of each panel are described in the figure caption and in relevant sections of the paper. Panels in M show a close-up view of six successive frames in which the spatial-RF4 test and the motion-RF4 pedestal are in phase; the purpose here is to illustrate that while Gabors drift at different (but constant) speeds, the orientation and position of each element remains the same, and therefore the spatial information that defines the test stimulus is unaffected by the superimposed motion pedestal. Throughout all experiments, Gabors had a carrier spatial frequency of 7.8 cpd (wavelength of 8 pixels) and a Gaussian space constant of 3.85 min of arc (4 pixels). RF contours had a mean radius of 1.6°of visual angle (100 pixels), were scaled to 100% Michelson contrast, and were presented for a total of for 29 frames (or approximately 483 ms at 60 Hz). At a maximum motion amplitude of 1.0, the fastest-moving elements underwent 90°phase jumps between frames (i.e. the quarter-cycle limit) for a drift speed of 1.92°/s. To minimize transients, the contrast of the display was ramped between 0% and 100% using a Gaussian temporal window with a time constant of 62.5 ms. Additional mathematical specifications for the stimuli can be found in Appendix A.
Procedure
Viewing distance was set to 160 cm such that one pixel subtended 1.0 min of arc. In all experiments but Experiment 2, observers discriminated between a spatial-RF test and a zero-amplitude (i.e. a circle) comparison (see panels B and C of Fig. 1 ) in a twoalternative forced-choice (2AFC) paradigm that used a method of constant stimuli. The order of presentations was randomly interleaved across trials, and observers pressed one of two keys to report the interval that contained the spatial-RF modulation and guessed if necessary. Stimulus presentations were separated by a minimum inter-trial interval of 250 ms, and no auditory feedback was provided.
Data were collected for several modulation amplitudes that were randomly chosen across trials. While the total number of amplitude levels and trials varied across conditions and observers, no fewer than 100 trials were included in the computation of every data point. We fitted two-parameter cumulative normals to the percentcorrect vs. modulation-amplitude data using a maximum-likelihood criterion and estimated thresholds at the 75%-correct performance level. Error bars showing 95% confidence intervals (±2 SD) were computed using a bootstrapping technique (Efron & Tibshirani, 1993 ) that modeled our data as a binomial random process. We computed 250 samples from this process, fitted a cumulative normal to each sample, and obtained a distribution of threshold values whose standard deviation we used to compute confidence intervals.
Detecting spatial RFs
The purpose of the first experiment was to obtain baseline detection thresholds for spatial-RF contours sampled by Gabors. We measured detection amplitude thresholds for RFs of 2, 3, and 4 cycles for each of two conditions. In the first condition, all Gabor elements were in cosine phase whereas in the second condition phases were independently randomized. The randomphase condition provides a better baseline against which thresholds involving superimposed motion masks can be benchmarked since the phases of elements moving at different speeds necessarily become offset even if initial phases are identical. Fig. 2 shows results for three observers (DG, DR, and SR) where spatial-RF amplitude thresholds (expressed as a proportion of mean radius, or Weber fraction) are plotted as a function of radial frequency. As for spatially continuous RF contours, thresholds for Gabor-sampled contours show a characteristic improvement between RF2 and RF4, and thresholds for randomized phases (open circles) are slightly although reliably more elevated than those for Gabor in cosine phase (filled circles). However, in both conditions, thresholds for Gabor-sampled RFs fall within the range of those measured for continuous RF contours. Such low thresholds cannot be explained by local curvature detection (Loffler et al., 2003; Wilkinson et al., 1998) and therefore suggest that, as in the case of continuous contours, modulation detection in Gabor-sampled spatial-RF patterns is mediated by mechanisms that encode global RF structure.
Detecting motion-RFs
Most observers viewing a motion-RF pattern (e.g. panels D through F in Fig. 1 ) report a vivid percept of form. In the present section, we report the results from three experiments designed to test observer sensitivity to the global structure of motion-RF contours.
In a first experiment, observers discriminated between a coherent motion-RF and an incoherent version in which speeds were randomly permuted across elements; this random permutation produces identical local motions in both intervals but destroys the structure of the RF modulation in the null interval. Thresholds were obtained by varying the overall motion amplitude of the display. Fig. 3 plots the motion-RF detection thresholds of three observers as a function of radial frequency. While absolute thresholds between spatial-RFs and motionRFs cannot be compared directly because they lie on different scales, it is possible to compare the magnitude of the effect of radial frequency on the detection of RF modulation in the spatial and motion domains. Results show that, unlike for spatial-RFs, detection thresholds for motion-RFs either increase or remain approximately constant over the radial-frequency range of 2-4 cycles.
We conducted a second experiment to measure the ability of observers to integrate motion-RF information over space. The paradigm was similar to the first experiment--observers discriminated between coherent and incoherent motion-RF4 contours--but motion amplitude thresholds were measured for ''partial'' motion-RF4s in which only an angular section (i.e. a pie wedge) of the RF4 modulation was preserved and the remaining section was made incoherent via random speed permutations between Gabor elements. Varying the polar angle of the coherent section allowed us to manipulate the number of Gabor elements that fell within the coherent section. elements in the RF4's coherent section. Dashed lines show threshold improvements assuming local contour information was pooled across elements according to a probability-summation rule. As in a similar study on partial spatial-RFs (Loffler et al., 2003) , the slope of the probability-summation curve was estimated by computing the negative of the inverse of the average psychometric slope across observers and conditions in this experiment.
Results show that detection thresholds improve as the coherent section's angle increases and includes more Gabor elements. However, in line with a previous study on partial spatial-RFs (Loffler et al., 2003) , thresholds improve at a higher rate than predicted by probability summation--in other words, spatial-summation thresholds are lower than those expected from the statistical recruitment of independent mechanisms that encode local contour properties such as speed differences between neighbouring elements. These results therefore provide direct evidence that motion-RFs are processed by mechanisms sensitive to global structure.
Also noteworthy is our finding that spatial-summation curves for motion-RFs have steeper slopes than those previously reported for spatial-RFs: whereas the two observers in the present study exhibit summation slopes of )2.11 and )1.68 respectively, slopes measured for spatial-RFs never exceed linear summation, or )1.0 (Loffler et al., 2003) . Interestingly, the spatial-summation slopes reported herein are also steeper than those for measured for the detection of biological motion and rival those for discriminating biological motion (Neri, Morrone, & Burr, 1998 ). As we further argue in Section 7, the steep slopes we have measured for motion-RFs constitute a strong piece of evidence that motionand spatial-RFs are encoded by separate neural pathways.
Finally, in a third experiment, we determined whether observers can discriminate between motion-RFs of different radial frequencies with motion amplitudes of 0.5. Three observers (AC, MK, and SR) participated in a ''match-to-sample'' task in which observers were asked to match the perceived structure of a motion-RF test to the global structure of one of four possible spatial-RFs (RF1, RF2, RF3, or RF4). Note that the radial phase of motion RFs was randomized over trials such that observers could not base their judgment on local motion cues.
Results from this experiment do not require plotting as all observers easily achieved a performance of 100% for all motion-RFs involved. We also repeated the experiment with gratings that were windowed by hardedge rather than Gaussian apertures and found identical results. Data from this third experiment confirm casual reports that observers can readily abstract global structure from motion-RFs irrespective of the phase of the RF modulation.
Experiment 3: detecting spatial-RF tests on motion-RF pedestals
In this section, we investigate how a motion-RF4 pedestal influences the detection of a superimposed spatial-RF4 test. Thresholds were measured for tests whose radial modulation was either in-phase (panel G of Fig. 1 ) or in anti-phase (panel H of Fig. 1 ) with respect to the pedestal. Although test and pedestal were always in one of two relative phases (0°or 180°), the absolute phase of the combined stimulus was randomized on each trial. Thresholds were also measured over a large range of pedestal motion amplitudes that extended from virtually static up to the quarter-cycle limit (i.e. a motion amplitude of 1.0). Fig. 5A shows detection thresholds for the spatial-RF4 test as a function of motion-RF4 pedestal amplitude. As would be expected, detection thresholds at low pedestal amplitudes are near the baseline (dashed line) obtained with spatial-RF4s tests presented in isolation (see Experiment 1). However, as pedestal amplitude increased, detection thresholds increased although at a shallower rate for in-phase than anti-phase pedestals. For high-amplitude anti-phase pedestals, detection thresholds reached nearly a 10-fold elevation.
Individual psychometric functions obtained at relatively high pedestal amplitudes yield additional clues as to how motion-RF pedestals influence the detection of spatial-RF tests. Fig. 5B compares the psychometric function (i.e. proportion correct vs. amplitude of the spatial-RF test) for in-phase and anti-phase pedestals with 0.5 motion amplitude. Data reveal that, for in-phase pedestals, performance gradually improves from chance to near-perfect levels as test amplitude is increased. For anti-phase pedestals, however, performance falls significantly below chance at low test amplitudes before rising back to chance at moderate test amplitudes and finally rising above chance at higher test amplitudes. Note that test amplitudes leading to near-perfect performance for the in-phase mask conditions produce only chance performance for anti-phase pedestals, and that significantly higher test amplitudes are required to overcome the effects of anti-phase motion pedestals.
If observers could segregate the spatial-RF test and the motion-RF pedestal into two separate perceptual entities, then masking would presumably not occur. This clearly is not the case, as the present experiment demonstrates that high-amplitude motion pedestals dramatically interefere with mechanisms mediating spatial-RF detection. The below-chance regime in psychometric functions for anti-phase pedestals further suggests that motion-RFs and spatial RFs ultimately share a common (or cue-invariant) representation at some stage in the visual system since observers are manifestly incapable of perceptually segregating spatialRFs from superimposed motion-RFs.
A key question, then, is at what level in the visual hierarchy is this cue-invariant representation of RF structure implemented? The present experiment yields one potential clue in this respect: although the threshold vs. pedestal amplitude curves shown in Fig. 5A show some hints of subthreshold facilitation--or ''dipper'' function (Legge & Foley, 1980; Nachmias & Sansbury, 1974) --the substantial overlap in confidence intervals between no-pedestal and pedestal data suggests little or no perceptual interaction between motion-and spatialRFs near threshold levels. In previous studies, however, our laboratory has shown clear dipper functions for detecting spatial-RF tests superimposed on spatial-RF pedestals, although the amount of facilitation varies with radial frequency (Wilkinson, Loffler, Wilson, & King, 2002) . The lack of significant subthreshold summation between spatial-RFs and motion-RFs reported here is therefore consistent with the notion that spatialform and motion-form are encoded by different pathways through early stages of vision and that the cue-invariant representation these pathway ultimately share is achieved at later stages in the visual hierarchy. Data from the following section further support this interpretation.
Experiment 4: other motion pedestals
In a series of conditions, we tested whether threshold elevations measured for spatial-RF4 tests in the presence of motion-RF4 pedestals are attributable simply to the presence of motion per se or whether spatial-form mechanisms are selective for the structure of motion pedestals. As in the previous experiment, observers were instructed to detect a spatial-RF4 test superimposed on various dynamic pedestals consisting either of flicker (Fig. 1I ), pure contraction (Fig. 1J ), pure expansion (Fig. 1K) , or randomly permuted speeds (Fig. 1L) . Flicker pedestals were composed of the linear sum of inphase and anti-phase motion-RF4 pedestals with identical amplitudes; the resulting pedestal preserves all the local temporal properties of the stimulus but creates a percept of flicker (i.e. counterphasing) rather than of directional motion. Contraction and expansion were obtained from motion-RF0 pedestals with negative or positive motion amplitudes respectively. Randomized pedestals were identical to the motion-RF4 patterns used in Experiment 2 where global structure was destroyed but local motion statistics were preserved by randomly permuting speeds across Gabor elements. Thresholds were measured only for a single pedestal amplitude of 0.5 for all the conditions described in this section. Fig. 6 shows detection thresholds of three observers for spatial-RF4 tests embedded in various types of dynamic pedestals. Results show a similar pattern across observers. As reported in the previous experiment, detection thresholds for a spatial-RF4 tests are significantly more elevated in the presence of in-phase and anti-phase motion-RF4 pedestals. However, flicker, contraction, expansion, and randomized pedestals had no significant effect on thresholds with the exception of a slight but significant threshold elevation in the randomized mask condition for one observer.
The finding that flickering RF4 pedestals do not interfere with the detection of a spatial-RF4 test confirms that motion, rather than temporal energy alone, is responsible for interferring with the perception of spatial-form because flicker and motion pedestals have identical local and global spatiotemporal properties and differ only in their directional vs. non-directional characteristics. The presence of a motion-RF0 pedestal (either expanding or contracting) has no measurable effect on thresholds, and this indicates that threshold elevations caused by motion pedestals are selective for similarities in the global structure of spatial tests and motion pedestals.
The finding that randomized motion pedestals have little or no effect on the detection of spatial-RF tests is particularly interesting given that they do not agree with a previous study where spatial path integration is disrupted by elements whose motion introduce perceived positional jitter away from the path's backbone (Hayes, 2000) . If, as claimed by the author, local motion cues can masquarade as spatial cues in spatial-form perception, we would expect significant threshold elevations in the random-pedestal condition as even very small amounts of positional jitter are known to significantly affect the ability to integrate spatial-RFs (Loffler et al., 2003) . Because all the pedestal conditions reported in this section have identical local motion statistics (except the flicker pedestal which is non-directional), one would expect for the effects of speed to have similar effect on detection thresholds for the spatial-RF4 test. As results in Fig. 6 clearly show, however, motion pedestals produce widely different results in terms of threshold elevation and therefore strongly suggest that the global motion structure of the pedestal is the key variable.
Discussion
Local vs. global interference of motion cues on spatial-form perception
Results from this study show that observers can encode the global structure of spatial-RF (Experiment 1) and motion-RF (Experiment 2) contours. But are the two types of stimuli encoded by the same visual mechanisms? And if not, at what level in the visual hierarchy does motion interfere with the coding of spatial-form? One possibility is that stimuli from Experiments 1 and 2 are analyzed by distinct pathways that encode global RF structure separately in the spatial and motion domain. Under this ''global interference'' scenario, threshold elevations observed in the in-phase/anti-phase pedestals conditions (Experiment 3) would reflect interference between mechanisms encoding motion-form and spatialform at a relatively high level in the visual hierarchy.
Another possibility, however, is that threshold elevations by in-phase/anti-phase motion pedestals reflect a low-level influence of local motion cues onto local spatial cues. Because the drifting carrier of a Gabor element can introduce a perceived shift in the spatial position of the envelope (De Valois & De Valois, 1991) , it is possible that spatial-form and motion-form are both encoded by I n -P h a s e A n t i-P h a s e F li c k e r C o n t r a c t E x p a n d R a n d o m iz e d N o P e d e s t a l I n -P h a s e A n t i-P h a s e F li c k e r C o n t r a c t E x p a n d R a n d o m iz e d N o P e d e s t a l I n -P h a s e A n t i-P h a s e F li c k e r C o n t r a c t E x p a n d R a n d o m iz e d * * * * * * * Fig. 6 . Results for detecting a spatial-RF4 test superimposed on a variety of motion pedestals. Detection thresholds of three observers are shown for spatial-RF4 tests superimposed on flickering, contracting, expanding, and randomized pedestals of fixed amplitude (0.5). Detection thresholds for spatial RF4s in isolation (dashed line and no-pedestal condition), in-phase, and anti-phase motion-RF4 masks are also included for comparison. Error bars report 95% confidence intervals. Statistically significant deviations from baseline (two-tail Student t-test, df ¼ 6, p < 0:01) are indicated by a star symbol.
spatial-form mechanisms--that is, under this ''local interference'' scenario, motion cues would effectively supply positional cues to spatial-form pathways and motion-form pathways would not contribute to perception. In the following paragraphs, we systematically review evidence collected in this study and conclude that our results reflect a high-level interference between mechanisms encoding spatial-form and motion-form. A first cue that favors the ''global interference'' scenario is obtained by comparing detection thresholds for spatial-and motion-RFs. Results show that thresholds for motion-RFs either tend to increase or stay relatively constant over the range of 2-4 cycles (Fig. 3) whereas thresholds for spatial-RFs decrease substantially over the same range (Fig. 2) . This discrepancy suggests that the perception of spatial-RFs and motion-RFs is mediated by different neural processes.
The second and perhaps most diagnostic test for local vs. global interference scenarios comes from the spatialsummation data on motion-RFs in Experiment 2. The summation slope of less than )1.0 reported for spatialRFs by a previous study (Loffler et al., 2003) suggests neural mechanisms that recruit local contour detectors more efficiently than probability summation but integrate local contour information less efficiently than matched linear filtering. By comparison, our results for motion-RFs show summation slopes considerably in excess of )1.0 and therefore imply a qualitatively different integration scheme. Indeed, a summation slope steeper than )1.0 constitutes evidence for mechanisms that combine local information in a synergistic (i.e. nonlinear) fashion across space. For instance, a plausible neural implementation of synergistic summation for motion-RFs may consist of local motion detectors that mutually reinforce each other through positive feedback. The discrepancy between summation slopes for spatial-and motion-RFs--and the qualitatively different spatial-summation schemes they imply--therefore provides strong evidence that the two types of stimuli are initially processed by separate neural pathways. This conclusion is further supported by the observation that summation slopes steeper than )1.0 have been reported for other complex motion patterns such as biological motion (Neri et al., 1998) but are otherwise uncommon in vision research.
The use of hard-edge apertures for the motion-RFs in Experiment 2 adds further evidence to the notion that a low-level interference of motion cues on spatial cues (i.e. the ''local interference'' scenario) is not involved in the perception of global structure in motion-RFs. Indeed, the perceived positional shift induced by a grating drifting behind a Gaussian aperture is significantly reduced if the Gaussian aperture is replaced by a hardedge one (Zhang, Yeh, & De Valois, 1993) . Our finding that hard-edge apertures do not impair the perception of global structure in motion-RFs therefore strongly suggests that motion-form, not illusory spatial shifts in local position, is the relevant variable.
In Experiment 3, motion-RF4 pedestals produced little evidence of a facilitation regime at low pedestal amplitudes. As we argued in Experiment 3, the lack of subthreshold facilitation between spatial-RFs and motion-RFs is consistent with the idea that spatial-form and motion-form are initially encoded by different pathways and that the cue-invariant representation these pathway ultimately share is achieved at a later stage in the visual hierarchy.
Results from Experiment 4 provide additional evidence that masking effects observed in Experiment 3 are mediated by a high-level interference between mechanisms encoding spatial-form and motion-form. Whereas in-phase and anti-phase RF4 pedestals in Experiment 3 resulted in significant threshold elevation (in some cases a 10-fold increase), other conditions such as expansion, contraction, or randomized pedestals produced little or no measurable effect. According to the local hypothesis, motion pedestals with identical amplitudes should all produce significant threshold elevations since it has previously been shown that even small amounts of positional jitter increase detection threshold for spatialRFs significantly (Loffler et al., 2003) . In this respect, our finding that randomized motion pedestals have virtually no effect is particularly difficult to explain with the ''local interference'' scenario.
Overall, results from the present study strongly favor the high-level ''global interference'' scenario where mechanisms mediating motion-form perception interfere with mechanisms encoding spatial-form. However, this conclusion raises the puzzling question of why we have failed to observe the effect of ''local interference'' that has been reported in a previous study on path detection with drifting Gabors (Hayes, 2000) . The answer to this question may lie partly in the fact that path integration, by definition, is a spatial-form detection task where observers operate under a regime in which spatial-form is either absent or barely visible. By comparison, our study can be understood in terms of a spatial-form discrimination task that operates under a regime where spatial-form is always highly salient and observers discriminate between circles and slight deviations from circularity.
Physiological evidence suggests a functional separation between the analysis of spatial cues and motion cues, but one that also allows for communication between those two pathways at all levels of the visual hierarchy. Such a scheme where cross-pathway interactions exist at multiple levels could potentially explain why the present study has failed to observe the ''local interference'' effects reported in previous studies. For instance, in a spatial-form detection regime where global structure is either absent or barely visible (e.g. spatial path integration), the ''local interference'' scenario may dominate, perhaps in an attempt by the visual system to combine local spatial and motion cues under high-noise conditions to improve the detection of global structure of any kind. However, in a spatial-form discrimination regime where spatial-form is highly visible, spatial-form and motion-form pathways may compete for a unique representation of global structure. Under this ''global interference'' scenario, higher-level stages concerned with global structure may ignore (perhaps via feedback suppression) low-level cues that do not contribute--or are inconsistent with--spatial-form or motion-form. A multi-level scheme such as this one could account for the selective masking effects we have measured with various types of motion pedestals: for instance, according to this line of thought, an anti-phase motion-RF pedestal may compete for a unique representation of global structure with a spatial-RF test, whereas a randomized motion pedestal may be ignored because it lacks any global structure.
Similar ideas have been proposed for cue-specific integration in spatial and motion pathways (Hupe et al., 1998; Lamme & Roelfsema, 2000; Li, Thier, & Wehrhahn, 2000; Lorenceau & Alais, 2001; Lorenceau & Zago, 1999; Salin & Bullier, 1995; Sugase, Yamane, Ueno, & Kawano, 1999; Tolias, Smirnakis, Augath, Trinath, & Logothetis, 2001; Zipser, Lamme, & Schiller, 1996) . Given the ubiquitous presence of feedback connections in the visual system, it may be possible to capitalize on the time delays intrinsic to feedback in order to gain additional psychophysical insight into the mechanisms that mediate interactions between mechanisms encoding spatial-form and motion-form.
Physiological correlates
Influential theories on mammalian vision propose that spatial cues and motion cues in the retinal image are processed separately by distinct functional streams commonly labeled as the ventral and dorsal pathways respectively (Baizer, Ungerleider, & Desimone, 1991; DeYoe & Van Essen, 1988; Goodale & Milner, 1992; Merigan & Maunsell, 1993; Shipp, 1995; Ungerleider & Desimone, 1982; Zeki & Shipp, 1988) . As the ventral pathway proceeds from primary visual cortex along inferior temporal cortex, local spatial cues--such as position, orientation, and scale--are combined into representations of form that range from simple objects such as closed contours (Wilkinson et al., 2000) to more complex objects such as human faces (Allison, Puce, Spencer, & McCarthy, 1999; Kanwisher, McDermott, & Chun, 1997) . Similarly, the dorsal pathway projects from primary visual cortex to areas of posterior parietal cortex sensitive to global patterns of motion that include optic flow (Duffy & Wurtz, 1997; Graziano, Andersen, & Snowden, 1994) and biological motion (Vaina, Solomon, Chowdhury, Sinha, & Belliveau, 2001) . Results from these studies are consistent with a parallel-streams architecture whereby global visual analysis takes place along independent cue-specific pathways (Braddick, O'Brien, Wattam-Bell, Atkinson, & Turner, 2000; Livingstone & Hubel, 1988) .
In contrast to cue specificity, the notion of cue invariance proposes that neural mechanisms involved in computing global spatial structure and global motion structure do not distinguish between cue types. Anatomical evidence of reciprocal ventro-dorsal connections over most of the visual system's hierarchy argues against a complete functional segregation and supports the view that ventral and dorsal pathways interact (Felleman & Van Essen, 1991; Merigan & Maunsell, 1993; Sawatari & Callaway, 1996; Ungerleider & Desimone, 1986; Young, 1992) . Several studies show that dorsal areas respond to motion defined by cues such as luminance, texture, and color (Albright, 1992; Geesaman & Andersen, 1996; Stoner & Albright, 1992) and that ventral areas are sensitive to global shapes defined purely by coherent motion (Sary, Vogels, & Orban, 1993; Wang et al., 1999) . Reports that cue invariance can arise in visual areas as low as V1 and V2 (Gegenfurtner, Kiper, & Fenstemaker, 1996; GrillSpector, Kushnir, Edelman, Itzchak, & Malach, 1998; Leventhal, Wang, Schmolesky, & Zhou, 1998) are consistent with an architecture that facilitates cross-talk between cue-specific pathways throughout the visual system's functional hierarchy.
Far from being mutually exclusive, cue specificity and cue invariance may play complementary functional roles: indeed, ventral and dorsal pathways may specialize in answering different questions about a visual scene (e.g. what and where) without necessarily monitoring which types of visual cues are involved. The new class of stimuli we have introduced in this present paper, with its particular ability to physically superimpose spatial-form and motion-form, is amenable to a variety of behavioral and physiological techniques and offers a powerful paradigm to understand cue-specific and cueinvariant representations in the human visual system. intervals. The angle a of the ith element with respect to the stimulus center is given by a i ¼ 2pn i N ; n ¼ 0; 1; . . . ; N À 1 ðA:1Þ
where N represents the total number of Gabors. The distance R from the ith element to the stimulus' center is given by
where A s and x s correspond to the modulation amplitude and radial frequency of the spatial contour, and b s represents the contour's phase offset with respect to the sampling grid. The phase b s was quantized to the same values of polar angle a i to ensure that sinusoidal modulations were sampled at the same points regardless of how the pattern was rotated in the xy plane. Once Gabors were properly positioned, the spatiotemporal profile g of the ith element was defined as the product of a Gaussian envelope and a drifting sinusoidal carrier given by where A m defines the overall speed (or ''motion amplitude'') of the display, b m determines the motion RF's phase (or, equivalently, it's orientation in the xy plane) and Q denotes the total number of frames. A m can be no greater than 1.0 in order to respect the quarter-cycle limit on the q j p=2 term which, at a maximum motion amplitude of 1.0, advances carrier phase by 90°between successive frames. The term cosðx m a i þ b m Þ evaluates to a constant for each element and plays a similar role as in spatial RF contours, namely to impose a sinusoidal modulation as a function of polar angle. Lastly, D i is a random offset that specifies the initial spatial phase of the ith element's carrier.
